The dynamical coupling between a solid monolayer film of argon and a substrate of graphite is examined for its effect upon the inelastic neutron scattering from the combined system. A simple model is used to describe the coupled system and the problem is reduced to a calculation of the vibrational modes of a slab of finite thickness. The results show that there is a significant amount of coupling between the film and the substrate, but that the usual geometry of the neutron scattering experiments for these systems is such that this coupling does not affect the scattering intensity significantly. The result of this calculation is used to justify the background subtraction procedure which is used to determine the dynamical response of the adsorbed film. The importance of the ,dynamical coupling' of the film and the substrate to other aspects of monolayer physics is discussed briefly.
I. INTRODUCTION
The only monolayer system whose phonon spectrum has been determined in detail is argon on the (001) surface of graphite. Neutron scattering has shown that the essential characteristics of the inelastic scattering can be understood using a model in which the graphite and the film modes are dynamically decoupled. 1 Within this approximation, the monolayer moves in the static (time averaged) field of the substrate. Because the graphite basal plane surface and the argon monolayer are incommensurate and weakly coupled, the periodic ~tructure of the graphite has only a small effect upon the motion of the argon' and the lattice dynamics of the argon can then be approximated by replacing the graphite basal planes with smooth ones. In such an approximation, the argon has three modes for every (two-dimensional) 'wave vector, two acoustic ones (polarized in the surface plane) and one opticlike m,ode (polarized in the surface-normal direction). However, a simple onedimensional analysis l showed that the substrate-monolayer dynamical coupling has 30me important consequences, producing a mixed (resonant) argon-graphite band since the "natural" argon surface-normal frequency lies within the graphite bulk phonon band.
A first-principles calculation of the argon-graphite system is complicated by the complex crystal structure of the graphite. However, it is quite possible to simplify the problem so that the important characteristics of this dynamical coupling are retained, while those complexities which have little bearing upon the physics of the coupling are eliminated. These simplifications reduce the actual problem to that of surface modes in finite slabs. 2 -4 The normal modes and inelastic neutron scattering intensity can then be calculated in a straightforward fashion. It is found that the major effect of the dynamical coupling is to shift the opticlike shear-vertical mode downward from its rigid substrate value by 5 to 10% for those geometries usually used in neutron scattering experiments. However, this mode always appears as a well-defined peak. It is also concluded that in the limit q --0 all modes become, essentially bulk ones, so the very long-wavelength, motion of the monolayer atom is strongly influenced by the dynamics of the bulk material. Thus the degree to which an adsorbed monolayer can be considered to be a two-dimensional system will depend on which dynamical modes are probed by the phenomena being observed.
II. MODEL OF THE MONOLA YER-SUBSTRATE SYSTEM
The principal motive in constructing the model system is to simplify the dynamics of the graphite lattice yet retain the essential physics of the monolayergraphite coupling. The modes in graphite which couple effectively to the argon are those whose frequencies nearly match those of the argon shear-vertical mode on a rigid substrate. Both the in-plane and the shear-vertical modes of argon have frequencies which are quite low compared to typical graphite vibrational ,frequencies.I,s The in-plane argon modes are acoust-2469 ©1979 The American Physical Society ical with a maximum frequency such that kw = 6 meV, and the shear-vertical mode spectrum for argon on a fixed substrate is essentially flat with kw -5-6 meV. In bulk graphite the vast majority of modes having frequencies in the 0-6 meV range are those where the carbon atoms move mainly perpendicular to the basal plane. s The few low-frequency modes which involve the relative motion of the basal planes in the direction parallel to these planes occupy a very small portion of phase space. This structure is a: consequence of the extremely anisotropic nature of graphite, with relatively stiff basal planes loosely coupled to each other. Since the intraplane coupling constants are much larger than the interplane coupling constants, most eigenvectors in the Brillouin zone will be essentially polarized either in the direction parallel to the plane or that normal to it. Furthermore, the softer modes are almost all associated with the surface normal motion implying that oscillations in this direction will have the larger amplitudes. With all this in mind, we will simplify the dynamics of the graphite lattice by decoupling the in-plane and surface-normal motion and focus our attention on the latter.
The argon layer is known to be incommensurate with the graphite lattice. Therefore it is reasonable to assume that the exact crystal structure of the graphite will not have an important role to play in the dynamical coupling of monblayer and substrate modes. The obvious simplification is to choose the crystal structure of the model substrate to be the same as that of the monolayer. Such an approach is justified if the monolayer-substrate two-body potential is relatively smooth, and the important coupling is near the zone center .. Both conditions appear to hold in the argongraphite case. The mass of the model substrate atom is fixed to give the same mass per unit area as the graphite basal planes. The substrate coupling constants are then chosen to produce the same dispersion curves as the graphite lattice for frequencies near those of the monolayer. The spacing between all substrate planes and between the monolayer and substrate is chosen to be equal to the distance between the graphite basal planes. (This is in agreement with calculations based upon model potentials.)
The scattering length for the model substrate atom was chosen to reproduce the q -0 scattering intensity of graphite. 6 The model for the argon-graphite system then consists of a finite set of parallel planes, the atoms in each plane constrained· to move in the surface-normal direction only. The first plane (v =0) represents the argon monolayer and consists of atoms with mass #-to = 36 u and scattering length ho = 23.4 fm. These atoms are arranged in a simple hexagonal array with lattice constant a =0.386 nm. The other planes (v -l ..... N) consist of atoms with mass #-tl = 60 u and scattering length hi = 40.0 fm. The atoms in the planes with v;;a.l have the same cortfiguration as those in the v = 0 plane. All planes are spaced a distance d =0.334nm apart.
The dynamical matrix for the above system is an where Ql and QII are the surface-normal and in-plane components of the scattering vector, Eo is the energy of the incoming neutron, CT is the frequency spread of the Gaussian, and the form factors Ji( Q) and JI( Q) are given by
where
T ABLE I. Matrix elements of the dynamical matrix.
The scattering law (differential scattering cross section) for the system is calculated from the frequencies and polarization vectors of the normal modes, and its single-phonon contribution is folded with a Gaussian resolution function to represent the finite resolution of the experiment. I( Q, w) (the scattering intensity) is then given by7
III. RESULTS
The five coupling constants CPI through CPs are determined by the "bare" frequencies and these are known. Thus, within the framework of our model, the importance of the dynamical coupling between argon and graphite is completely determined by the frequency spectrum of bare graphite,S the frequency of a single argon atom on a fixed graphite substrate, 8 and the argon-argon Lennard-Jones interaction. 9 The value of CPI can be estimated from the known Lennard-Jones interaction between argon atoms and the lattice constant of 0.386 nm, giving CPI = 100 meV /nm 2 • The value of CP2 was chosen to be 21500 meV/nm 2 since this given as Einstein oscillator frequency for argon (on a rigid graphite substrate) with Iiw=5.0 meV. An upper limit for CP2 is about 25000 meV/nm 2 , but the results are not altered in any significant manner by 10 or 20% variations. Since CPI < < CP2 the dispersion curve for the argon mode is very flat, and we can set CPI = 0 with no significant effect. The values of CP3, CP4, and CPs were determined by trial and error fitting of the model dispersion curves to the measured ones for graphite. s A good fit was obtained with CP3=21500 meV/nm 2 , CP4=102500 meV/m 2 , and CPs = -2100 meV /nm 2 • Figure 2 shows the model spectrum versus that for graphite, plotted as a function of qll' The model and experimental frequencies are in very close agreement in the physically important region (liw < 7 meV). The graphite modes not represented in our model are those which exist between the LO and LA curves for q" ~ O. These represent modes whose polarization is essentially parallel to the basal plane and whose frequencies are very high except for a very small region just around qll = 0 (as can be seen from Fig. 2,) This region makes a negligible contribution to the calculated scattering intensities since these are averaged over the whole Brillouin zone. Thus, we do not make any significant error in ignoring them. fixed 9 (where 9 is the angle of Q relative to the C axis) and for J( Q, w) averaged over values of 9.
Fixed 9 calculations were done at 9=10, 45, and 80°. Figure 5 shows the path of the ifll v~ctor in reciprocal space for fixed 9. Note that the large Q values used result in little weight being given to those points in q space where dynamical coupling is impor-> .. C4-126 (1977) . -piing constant is to be determined by the inelastic scattering intensity. In the final analysis, this calculation demonstrates the validity of the background subtraction used in the experiments to determine the rare-gas "monolayer" signal when the substrate is graphite. Obviously, very careful experiments combined with model calculations could result in information being obtained concerning these interference and coupling effects, but it will be very difficult to do so with any reasonable degree of accuracy. Finally, it should be noted that the one group of modes which couple to the bulk ones is just that which tends to make twodimensional systems special, namely, the group of very long-wavelength phonons. Even though we have not carried out calculations for the in-plane modes, their physics will be much the same as the shearvertical mode we have investigated. That is, at very long wavelengths they will nearly match the bulk modes in frequency and will couple to them. Thus, it can be said that there are no truly 2-D longwavelength phonons in these monolayer systems, but only some approximation to them with the 2-D approximation eventually becoming invalid for very long wavelengths. What consequences this might have on phase transitions in monolayer systems is a provocatiye question which we leave unanswered.
